Abstract The structural analysis of khellinone and visnaginone indicated the planarity of the benzo [b]furan ring system. The oxygen or carbon atoms of the substituents, -OH, -OCH 3 , and -C(=O)CH 3 , are nearly coplanar with the aromatic ring. The molecular conformation is stabilized by the intramolecular O-HÁÁÁO hydrogen bond formed between the ortho-substituted hydroxyl and acetyl groups. The intermolecular contacts present in the crystal structure are the C-HÁÁÁO and C-HÁÁÁp interactions and the pÁÁÁ p stacking. The energy surface for the internal rotation about the C sp2 -O/C bonds in the khellinone and visnaginone molecules has been explored by quantum-chemical calculations. The density functional theory (DFT) methods yielded three stable conformers of khellinone and two of visnaginone obtained by a rotation of the methoxy group about the C4 sp2 -OCH 3 bond. The most stable conformation in the gas phase is consistent with the stereochemistry of the molecules adopted in the solid. The secondary minima conformers have energies higher by 0.3-1.8 kcal/mol. The energy of the intramolecular O-HÁÁÁO interactions, present in the molecular structure of all stable conformers, is around 18 kcal/mol at the DFT level. A complete and reliable assignment of the bands in the IR and Raman spectra of both compounds has been performed.
Introduction
The benzo [b] furan system, as an important pharmacophore, is present in numerous compounds which can be isolated from the natural sources, and is an essential fragment of newly synthesized pharmaceuticals (e.g., amiodarone [1] and bergapten [2] ). These heterocyclic compounds show a variety of pharmacological properties and a change of their structure is useful in the search of new therapeutic agents [3, 4] .
Two benzofuran derivatives, khellinone (1: 5-acetyl-4,7-dimethoxy-6-hydroxy-benzo[b]furan) and visnaginone (2: 5-acetyl-4-methoxy-6-hydroxybenzo[b]furan) ( Fig. 1) , are the product of the hydrolysis of khellin and visnagin, respectively. Both khellin and visnagin are the chemical constituents of Ammi visnaga Lam. (Apiaceae) fruits [5] , and their applications in pharmacology and biomedicine have been known for long. Ammi visnaga (toothpick ammi), possessing the Arabic name khella and the Spanish name visnaga, has been used in the folk medicine throughout the Mediterranean countries in treating various ailments of the urinary (kidney stones) and respiratory tract (asthma) [6] .
The synthetic derivatives of khellinone and visnaginone show antibacterial and antimicrobial activities [7] [8] [9] [10] [11] [12] [13] , exhibit also antiarrhythmic, antiatherosclerotic, and/or cardiovascular properties [14] [15] [16] [17] [18] , insect antifeedant activity [19] , and others. Recently, it has been proved that khellinone, visnaginone, and their derivatives are able to block the Kv1.3 potassium channel with a different kind and degree of selectivity [20] [21] [22] [23] [24] [25] [26] . The Kv1.3 ion channel is involved in the pathogenesis of autoimmune diseases such as multiple sclerosis. The structure-activity relationship (SAR) and Quantitative SAR (QSAR) studies on the series of khellinone and visnaginone derivatives revealed that higher hydrophobicity improves their blocking activity.
Although the synthesis of khellinone 1 and visnaginone 2 is known for long, their molecular structures have not yet been characterized. Up to date, vibrational spectroscopic studies for khellinone and its derivatives are very scarce. Musante et al. [27] reported the infrared spectra of visnaginone and its derivatives, but without any comprehensive analysis, while Epstein et al. [28] gave a primary description of the infrared spectrum of khellinone in the region 1,180-1,020 cm -1 . The vibrational spectra of benzofuran itself were fully interpreted by Singh [29] .
The main goal of this study is to explain how the molecular conformations depend on the methoxy substituents, and whether different conformers can be distinguished by the vibrational analysis. To compare the molecular structure of the title compounds in the solid state and gas phase, an X-ray crystal structure analysis and DFT/ B3LYP/B1B95 theoretical calculations were performed. Afterwards, the IR and Raman spectra were also recorded, and a reliable interpretation of the spectroscopic data has been performed by a comparison with theoretical data and scaling of the force fields.
Experimental

Synthesis of visnaginone and khellinone
The chemicals were purchased from Sigma-Aldrich and used without further purification. Khellinone 1 and visnaginone 2 were obtained by the method of Spaeth and Gruber [30, 31] , i.e., by the ring-opening reactions of khellin and visnagin in the alkaline solution. Single crystals of 1 and 2 suitable for an X-ray diffraction were prepared by a slow evaporation of the solvent from an ethanolic solution at room temperature. 
X-ray crystallography
The diffraction data were collected on an Oxford KM4 diffractometer with the Cu Ka radiation at room temperature. The structure was solved by direct methods using the SHELXS-97 program and refined by the full-matrix leastsquares method on F 2 using the SHELXL-97 program [32] . The non-hydrogen atoms were refined with anisotropic displacement parameters. All carbon-bonded H-atoms were positioned geometrically and allowed to ride on the attached atom. The coordinates of the hydroxyl group H-atoms were found in the difference electron density maps and they were riding during the refinement with the fixed O-H distance. The isotropic displacement parameters of the H-atoms were U iso (H) = 1.3 U eq (C) for the methyl groups and U iso (H) = 1.2 U eq (C/O) for the rest of atoms.
(1a in gas phase)
2 (2a in gas phase) The crystallographic data and details of the data collection and refinement are given in Table 1 .
Vibrational data
The IR and Raman spectra were recorded at the resolution of 1 cm -1 on a Bruker FTIR Vector 22 equipped with a DTGS detector, and a Bruker FT-Raman RFS 100/S with a Nd:YAG laser emitting at 1,064 nm (laser power 500 mW) and a liquid N 2 -cooled Ge detector. The spectra were managed by using the OPUS 2.2 package [33, 34] .
The gas-phase IR spectra were recorded with a gas cell Specac 5650 (KBr windows). The solid samples were melted and evaporated at ca 10 mmHg. The best spectra were obtained at ca 205 and 190°C for 1 and 2, respectively. The liquid phase spectrum for 1 was recorded in the CCl 4 solution (Fluka 99.8%, iden. HPLC). For this measurement a liquid cell Buck Scientific (CsI windows with spacers of 0.1 and 0.2 mm) was used. The solid phase spectra for 1 and 2 were recorded in the KBr (Sigma-Aldrich ?99% iden. IR) matrix. Table 3 Geometry of intermolecular contacts in crystal of 1 and 2 
Cg centre of gravity of the benzene ring 
Computational details
The Gaussian 03 package [35] was used for all the theoretical calculations. The density functional theory (DFT) functionals B3LYP and B1B95 [36] [37] [38] as well as the ab-initio MP2 [39] approximation were the initial selected methods to run the simulations. The choice of those theoretical methods was based on the analysis of Riley et al. [40] who evaluated an assortment of density functionals on the calculation of bond distances, bond angles, and hydrogen bond energies. As a result, B1B95 was placed in the first position of the ranking (or second depending on the basis set) and B3LYP was classified as the sixth one (or the fifth). MP2 has been used for comparative purposes.
Further tests on the performance of these methods were conducted to reproduce the solid-state molecular conformation and the vibrational spectrum. The potential energy surface (PES) for the rotation of the methoxy groups in 1 and 2 was simulated with both DFT functionals and the MP2 approach along with the 6-31G(d) basis set [41] [42] [43] .
The Polarizable Continuum Model within the Integral Equation Formalism Model (IEFPCM) [44] was used to simulate the most stable minima in aqueous solution.
In order to perform an adequate vibrational analysis the B3LYP/6-31G(d) force field was scaled according to Pulay's Scaled Quantum Mechanics Force Field (SQMFF) scheme [45, 46] using natural coordinates and MOLVIB [47, 48] code.
Finally, the intramolecular -O-HÁÁÁO hydrogen bond was characterized by NBO methodology [49] and the barrier to rotation of the acetyl group. The latter parameter was estimated with both B3LYP/6-31G(d) and B3LYP/ aug-cc-pVDZ//B3LYP/6-31G(d) approximations and corrected for the Basis Set Superposition Error (BSSE) [50] with Boys and Bernardi's counterpoise approach (Supplementary material). Table 2 ). The dihedral angle between the plane of the acetyl group and the plane of the benzo[b]furan atoms is 6.6(1)°and 4.8(1)°for 1 and 2, respectively. The molecule 2 contains one methoxy group connected with the benzo[b]furan ring system, whereas the molecule of its derivative 1 has two -OCH 3 groups in the para position. One of these methoxy groups (at C4) is nearly coplanar with the ring; the torsion angle C8-O4-C4-C3A is -16.4(4)°and -16.0(3)°for 1 and 2, respectively. For the methoxy group at C7, the torsion angle C11-O5-C7-C6 is 83.4(3)° (Table 2 ). This almost perpendicular orientation of the second -OCH 3 substituent is in good agreement with molecular conformation observed for similar benzo [b] furan derivatives [21, 53] .
Crystal structure
Since the hydroxyl group of both molecules forms a strong intramolecular O-HÁÁÁO hydrogen bond, other types of weak and less directional forces, such as C-HÁÁÁO and C-HÁÁÁp interactions, play an important role in generating the supramolecular architecture [54] [55] [56] [57] .
The structure of 1 is stabilized by the intermolecular C-HÁÁÁO hydrogen bonds ( Table 3 ). The C2-H4ÁÁÁO1 interactions link the molecules into the ring R 2 2 (6) and the ''chelating'' hydrogen bonds (C3-H;C8-H)ÁÁÁO2 connect molecules to form a centrosymmetric tetramer (Fig. 3) .
The main pattern in the crystal of 2 is a folded layer ( Fig. 4; Table 3 ) stabilized by the intermolecular C-HÁÁÁO Table 1S ; Fig. 1S ). Thus, the search for stable conformers of the compounds 1 and 2 was focused on the rotation of their -OCH 3 groups. The PES for the torsion angles t1 (C11-O5-C7-C6; for 1 only) and t2 (C8-O4-C4-C3A, for both molecules) was scanned within the isolated molecule approximation.
Energy surface for (C7)-OCH 3 group in 1
The rotation about the C7-O5 bond, calculated by the DFT functionals with the 6-31G(d) basis set, for 1 gives one stable conformer (1a). The methoxy group at C7 of 1a is almost perpendicular to the benzo[b]furan fragment (t1 ±70°) and the second substituent (C4)-OCH 3 is coplanar to the aromatic ring ( Fig. 5 ; Table 4 ). The calculated geometry of the molecule in the gas phase, 1a, is in the agreement with its structure observed in the crystal ( Fig. 2 ; Table 2 ). The barriers to torsion are in the range 2.0-2.5 kcal/mol what suggest a significant rigidity for the position of this group.
The energy profile for MP2(full)/6-31G(d) yielded different results than DFT/6-31G(d). Both methoxy groups are nearly perpendicular to the aromatic ring, giving two stable conformers, with the trans and the cis orientations of the -OCH 3 substituents (Table 4) .
Energy surface for (C4)-OCH 3 groups in 1 and 2
The PES for internal rotation about the C4-O4 bond, calculated using the DFT functionals with 6-31G(d) basis set, yields three minima for both molecules (Fig. 6 ). In addition to 1a, khellinone has two new conformers with the trans (1b) and cis (1c) orientations of the methoxy groups ( Fig. 7 ; Table 4 ). These conformers are energetically less stable than 1a [\0.5 kcal/mol for B3LYP/6-31G(d) and 0.9 kcal/mol for B1B95/6-31G(d)].
A similar pattern of the equivalent torsional surface is observed for visnaginone (2) (Fig. 6) . The methoxy group of the most energetically favorable conformer 2a is coplanar to the benzo[b]furan ring system, and this stereochemistry corresponds to that observed in the crystal (Fig. 2) . The secondary minima, being the mirror images, represent the second conformer 2b described by t2 ±71° (  Table 4 ). The energy differences between the stable conformers are slightly higher for 2 than for 1. The barriers to torsion are in the range 1.0-1.5 kcal/mol for both compounds.
The data obtained using the MP2(full)/6-31G(d) approach are different from those obtained with the DFT methods. Moreover, the MP2 method does not predict a coplanarity of the (C4)-OCH 3 group with the benzo[b]furan system ( Table 4) .
The behavior of the (C4)-OCH 3 group for 1 and 2 can be compared with the results established by Bzhezovskii et al. [58] for anisol and para-methoxyanisol. The most stable structure for the latter compounds shows the methoxy group coplanar to the benzene ring and a perpendicular conformation occurs as a less stable geometry. Both 1 and 2 show a similar energetic profile for the torsion angle t2. For the benzo[b]furan derivatives the secondary minima and the barriers to rotation are shifted to the lower values of t2, probably due to the bulky acetyl group in the ortho position. Analogous to the conformers of anisol and para-methoxyanisol [58] , the second para-methoxy group in the conformers of 1 is responsible for the smaller torsional barrier and lower relative energy than those observed for 2.
Conformational analysis in liquid phase
As 1 and 2 show their action in aqueous cellular media, the energy surfaces were explored by changing the torsion str. stretching, def. deforming, opl out of plane deformations a Description of normal modes is based on the potential energy distribution matrix for the most stable conformer 1a. Description of modes for the secondary minima, 1b and 1c, has been also included for bands interesting for the conformational analysis when a significant difference respect to 1a is expected
The symbol ''|'' and superindex ''S'' indicate that the description corresponds to the secondary minima angles t1 and t2 in an aqueous solution; B3LYP/6-31G(d) was the method of choice. The internal rotation around the C7-OCH 3 single bond for 1 yielded two mirror images (analogous to those obtained for the isolated molecule) with the methoxy group at the C7 atom almost perpendicular to the benzo[b]furan fragment (t1 is shifted to ±80°) (Fig. 5) . The PES for the internal rotation about the C4-O4 single bond yields also three minima for both molecules (Fig. 6) . However, the secondary minima for 1 and 2 almost disappear and their relative energy to the most stable conformer increases (Fig. 6 ).
Vibrational analysis
The discussion is focussed on the region of spectra from 1,250 to 1,000 cm -1 to support the previous conformational analysis. Since the low barriers to rotation result in the overlapping of bands of different conformers, the second derivative of the spectrum was used to reveal peaks under the broad bands.
The full assignment of the vibrational spectra for 1 is presented in Table 5 , and for 2 is reported as Supplementary material (Table 2S) . On the spectrum of 1 in the region 1,250-1,000 cm -1 (Fig. 8) an evidence for the existence of several conformers appears. Thus, two different scaled theoretical bands for the conformers 1a and 1b/1c appear at 1,157 cm -1 (1a, C-O stretching of the methoxy groups) and 1,131 cm -1 (1b/1c, furan ring stretching), respectively (Fig. 8d) .This couple corresponds to a broad band appearing in the gas phase at 1,141 cm -1 and at 1,146 cm -1 in the CCl 4 solution (Fig. 8a, b, respectively) . Both broad bands of the IR spectra split into two peaks in the second derivative that match the two corresponding bands of the scaled theoretical spectrum (Fig. 8d) . This splitting is more visible in the spectrum of the CCl 4 solution than in the gas phase which is consistent with the temperature of recording; the first spectrum was recorded at room temperature and the latter at 205°C. In the solid phase a sharpened band is observed at 1,150 cm -1 (Fig. 8c) . The second derivative of the IR spectrum in the solid phase, where only one conformer is present, confirms the presence of one single band.
Other regions of the spectra show no significant evidences to support the conformational equilibrium. The region of the X-H stretching could be interesting because the scaled theoretical spectra reveal a clear difference among the O-H stretching bands of the conformers 1a and 1b/1c. In the gas phase and the CCl 4 solution broad bands are observed, and-as a consequence of this-the large number of bands appear in the second derivative which prevent unequivocal interpretation of results.
For visnaginone (2) , less visible evidences are observed in the same region of the respective spectra, nevertheless they are conclusive. Two IR scaled theoretical bands appear at 1,105/1,078 cm -1 (furan ring deformations, O-CH 3 stretching) for 2a and 2b, respectively (Fig. 3S,C) . In the IR gas-phase spectrum of 2, the broad band at 1,091 cm -1 corresponds to the respective theoretical bands (Fig. 3S,A) . The second derivative of that spectrum reveals a band and a shoulder at lower frequency that match the scaled theoretical bands (Fig. 3S,A) . The IR spectrum in the solid phase, where only one conformer is present, shows the sharpened band (1,107 cm -1 , Fig. 3S ,B) that it is consistent with the second derivative of the IR spectrum. However, it was impossible to record a reasonable liquid phase IR spectra for 2 due to its low solubility in different solvents.
Conclusions
The benzo [b] furan system, as a central part of the khellinone (1) and visnaginone (2) molecules, is nearly planar. The hydroxyl and acetyl groups, being in the ortho position, are coplanar with the aromatic ring. The formation of the intramolecular O-H hydroxyl ÁÁÁO acetyl hydrogen bond in all three states of matter-solid, liquid, and gas phase-is observed. The presence of this intramolecular bond in the form of six-membered ring is energetically favorable for the molecules, its strength is around 18 kcal/mol.
For both molecules several conformers are observed, they differ in the orientation of methoxy groups. For the energetically favorable forms, 1a and 2a, representative for the solid phase, the -OCH 3 substituent is coplanar to the benzo[b]furan system. In the gas phase, this group can be also perpendicular to the benzene ring. The introduction of the second para-substituted methoxy group (in 1) creates a conformer for which one -OCH 3 group is perpendicular and the second one coplanar to the benzo[b]furan moiety. Thus, in the gas phase, apart from conformer 1a, two other conformers were identified in which the C sp2 -O-CH 3 bonds are in the trans and the cis orientations (the conformers 1b and 1c).
The vibrational spectroscopy is a good technique to study a conformational equilibrium. In case of khellinone (1), the second derivative of the IR spectra (in the region 1,250-1,000 cm -1 ), in the gas phase and the CCl 4 solution, provide evidences of the conformational equilibrium as compared to the solid-phase spectrum and the scaled theoretical ones of the different conformers.
Supplementary material
Data on detailed characterization of the intramolecular O-H...O hydrogen bond, the fullassignment of vibrational spectra for 2, and optimized geometry of the most stable conformersof 1 and 2 are included as electronic supplement (14 pages).
